Expression of the norepinephrine transporter (NET), which mediates the reuptake of norepinephrine into presynaptic nerve terminals, is restricted to noradrenergic (NA) neurons. We have demonstrated previously that the 9.0 kb upstream sequences and the first intron residing in the 5Ј untranslated area are critical for high-level and NA cell-specific transcription. Here, using transient transfection assays, we show that 4.0 kb of the 5Ј upstream sequences contains sufficient genetic information to drive reporter gene expression in an NA cell type-specific manner. Three functional domains appear to be potentially important for the regulation of human NET (hNET) gene transcription: an upstream enhancer region at Ϫ4.0 to Ϫ3.1 kb, a proximal domain at Ϫ133 to Ϫ75 bp, and a middle silencer region between these two domains. DNase I footprinting analysis of the proximal promoter region shows that a subdomain at Ϫ128 to Ϫ80 bp is protected in a cell-specific manner. We provide evidence that multiple protein factors interact with the proximal promoter domain to critically regulate the transcriptional activity of the hNET gene. In the middle of this proximal subdomain resides a homeodomain (HD)-binding core motif, which interacts with HD factors, including Phox2a and HoxA5, in an NA-specific manner. Cotransfection analyses suggest that HoxA5 and Phox2a may transactivate the hNET gene promoter. Together with previous studies indicating direct activation of dopamine ␤-hydroxylase transcription by Phox2a/2b, the present results support a model whereby Phox2 proteins may coordinately regulate the phenotypic specification of NA neurons by activating both NA biosynthetic and reuptake genes.
The norepinephrine transporter (NET) mediates norepinephrine (NE) reuptake into presynaptic nerve endings (Axelrod and Kopin, 1969) . NET is an important target of antidepressant drugs, including desipramine and reboxetine (Owens et al., 1997; Sacchetti et al., 1999) , and illicit drugs such as cocaine and amphetamine (Pacholczyk et al., 1991) . Levels of NET in brain noradrenergic neurons appear to be regulated to maintain normal concentrations of NE in the noradrenergic synapse. For example, reserpine treatment, which significantly depletes NE, decreases NET density in the rat cerebral cortex (Lee et al., 1983) and steady-state levels of NET mRNA in the locus ceruleus (Cubells et al., 1995) . NET density in the rat cerebral cortex is increased by the administration of a monoamine oxidase inhibitor known to elevate NE availability in synapses (Lee et al., 1983) . Using the NET Ϫ/Ϫ mice, Xu et al. (2000) have further shown that NET is involved in NE clearance as well as presynaptic and postsynaptic NE homeostasis, suggesting that regulation of NET expression contributes to the homeostasis of NE in the noradrenergic synapse. The contribution of NET to homeostasis may be of great clinical interest, because dysregulation of noradrenergic neurotransmission has been associated with affective disorders Nemeroff, 1999, 2000) and cognitive disorders (Friedman et al., 1999) . In vivo studies of postmortem brain tissues have demonstrated that central noradrenergic neurons in the locus ceruleus appear disrupted in suicide victims compared with normal control subjects (Ordway et al., 1994) . A similar disruption of the noradrenergic system has been reported in rat models of depression and can be rectified by tricyclic antidepressant administration (Papp et al., 1994) . Finally, a mutation in the NET transmembranespanning domain has recently been reported to be associated with autonomic disorders such as orthostatic intolerance (Shannon et al., 2000) .
NET expression in the rat CNS is restricted to noradrenergic neurons in the A1, A2, A4, A5, A6, and A7 regions of the brain (Lorang et al., 1994; Comer et al., 1998; Schroeter et al., 2000; Phillips et al., 2001) . Outside the nervous system, some nonneuronal tissues, such as the placental syncytiotrophoblast (Ramamoorthy et al., 1993) , also express NET mRNA. The highest density of NET-expressing cells is observed in the locus ceruleus (A6 cell group). In noradrenergic cell groups, most but not all NET-positive cells also express high labels of dopamine ␤-hydroxylase (DBH). These results indicate that NET and DBH are frequently, but not exclusively, coexpressed in noradrenergic neurons (Lorang et al., 1994; Schroeter et al., 2000) . In the PNS, NET is expressed in the superior cervical ganglion (Nishimura et al., 1999; Schroeter et al., 2000) . Among non-neuronal cells, NET expression has been shown in adrenal chromaffin cells and in ependymal cells lining the ventricular surfaces in the CNS (Schroeter et al., 2000; Phillips et al., 2001) . In contrast, serotonergic neurons of the dorsal raphe, dopaminergic neurons of the substantia nigra, and adrenergic neurons in C1-3 cells do not contain NET-positive neurons, suggesting that the distribution of NET in the CNS and PNS closely associates with that of NEcontaining cell bodies. Taken together, these findings indicate that NET is essential for phenotypic specification and thus is a hallmark protein of noradrenergic neurons.
DBH is another protein that is selectively expressed in noradrenergic and adrenergic neurons. Both in vivo transgenic and in vitro cell culture studies demonstrate that relatively short upstream sequences of the DBH gene are sufficient for driving noradrenergic-specific reporter gene expression (Shaskus et al., 1992; Ishiguro et al., 1993; Hoyle et al., 1994) . The human DBH promoter was systematically characterized by electrophoretic mobility shift assay, DNase I footprinting, deletional, and sitedirected mutational analyses (Ishiguro et al., 1993; Kim et al., 1994; Seo et al., 1996; Yang et al., 1998b) . Two cis-regulatory elements, the homeodomain-binding sites of the composite promoter (domain IV) and domain II, which are exclusively active in noradrenergic cell lines and thus essential for the cell-specific promoter activity of the DBH gene, were identified (Seo et al., 1996; Kim et al., 1998; Yang et al., 1998b) . Of note, both cisregulatory elements were shown to be binding sites for the pairedlike homeodomain protein Phox2a, also known as Arix for its rat homolog (Zellmer et al. 1995) , which is critical for the development of several major noradrenergic cell groups, including the locus ceruleus (Morin et al., 1997) . Given that DBH is primarily coexpressed with NET, the above findings raise the question of whether the same molecular mechanisms may underlie the noradrenergic cell type-specific expression of the NET gene.
Despite the pathophysiological and phenotypical importance of NET in neurotransmission, little is known about the molecular mechanisms underlying its expression. A cDNA encoding human NET (hNET) was isolated by an expression cloning approach (Pacholczyk et al., 1991) , and subsequently, cDNAs for the bovine and the rat NET genes were cloned on the basis of their sequence homologies (Lingen et al., 1994; Bruss et al., 1997) , which made possible the molecular approaches of NET gene regulation. To begin to elucidate the molecular mechanisms controlling expression of the hNET gene, we previously characterized the structural organization of the 5Ј upstream region of the hNET gene (Kim et al., 1999) . Approximately 9 kb of the 5Ј flanking sequences of the hNET gene confers cell specificity, whereas the first intron is required for high-level reporter gene expression. A systematic dissection of the first intron demonstrated that it enhances the promoter activity in an orientation-and position-dependent manner and that an E-box motif residing at the junction of the first exon and intron is critical not only for promoter-enhancing activity but also for the splicing of the first intron . In the present study, we demonstrate that 4.0 kb of the 5Ј upstream sequences contains sufficient genetic information required for noradrenergic-specific expression of the hNET gene. Three domains have been identified to be potentially important for the regulation of hNET gene transcription: an upstream enhancer region between Ϫ4.0 and Ϫ3.1 kb, a proximal domain between Ϫ133 and Ϫ75 bp, and a middle silencer domain between these two domains. Furthermore, our functional and DNA-binding analyses indicate that the proximal domain contains several cisregulatory elements in tandem. Among these cis-elements, the middle one containing a homeodomain core motif (ATTA) interacts with Phox2a and HoxA5 and critically controls the noradrenergic (NA)-specific transcriptional activity of the hNET gene.
MATERIALS AND METHODS
Plasmid DNA constructions. The construction of pN ET9000CAT was described previously (K im et al., 1999) . The 4 kb EcoRI-BamHI fragment in pN ET9000CAT was subcloned into the pBluescript II-K S(ϩ) vector (Stratagene, La Jolla, CA) to make pK S4000. Then SalI and BamHI were used to recover the 4 kb DNA fragment from pK S4000 (SalI was derived from the polylinker of pBluescript), and it was cloned into the SalI-BamHI sites of pBLCAT3-1 containing chloramphenicol acetyltransferase (CAT) as the reporter (K im et al., 1998; Yang et al., 1998b) , yielding pN ET4000CAT. To generate a construct containing promoter and the first intron, the intronic sequence was amplified by PCR using the sense primer (5Ј-ACC AGG GAT CCC C TC GCC GCC GGA CAC -3Ј) and the antisense primer (5Ј-TCG CGG A TC CGA ATT C TG GCG AGA GGA AC T TTA CCG G-3Ј), digested with BamHI, and subcloned into pN ET4000CAT digested with BamHI, which corresponds to residues at ϩ159 to ϩ164 (K im et al., 1999) . The BamHI site in the sense primer is a natural site in the 5Ј untranslated region of the hN ET gene (K im et al., 1999) , and that in the antisense primer was artificially inserted to facilitate the cloning step. The resulting new construct, designated pN ET4000(i)CAT, contains the f ull sequence of the first intron as well as the surrounding nucleotides, which were confirmed by sequence analysis. Serial deletion constructs were produced from pN ET4000(i)CAT by the exonuclease III and mung bean nuclease method (Guo et al., 1983; Henikoff, 1984) . Briefly, the plasmid pN ET4000(i)CAT was digested with SphI and SalI, generating 3Ј and 5Ј extensions, respectively. DNA was extracted with phenol-chloroform and was digested with exonuclease III at 30°C. Aliquots from the exonuclease III digestion were removed at 30 sec intervals and added to mung bean nuclease-containing tubes to remove single-stranded tails. Blunt-ended deletion fragments were circularized by T4 DNA ligase, and the deletion mutant constructs were transformed into a competent DH5␣ Escherichia coli strain. All 5Ј deletion constructs (Fig. 1 A) were verified by sequencing and named according to the position of the 5Ј end of the inserted sequence relative to the transcription initiation site. Base substitutions in the homeodomain (H D) motif between Ϫ128 and Ϫ80 were introduced into pN ET4000(i)CAT using the Transformer mutagenesis kit (C lontech, Palo Alto, CA) according to the manufacturer's instructions. The following oligonucleotides were used in the mutagenesis procedure: selection primer, 5Ј-TAC TGA GAG TGC ACC CGC GGC GGT GTG AAA TAC C-3Ј; and H D mutant (H Dm) primer, 5Ј-CCG CGC TGT CAG TC T CCA GCA GCG C TA ACA GGC TCC AG-3Ј (underscores indicate the mutated bases). The site-directed mutant constructs were verified by restriction enzyme and sequence analysis. The TATA-CAT plasmid has been described previously (Yang et al., 1998b) . Reporter constructs containing multiple copies of a DNA fragment (PR) covering Ϫ128 to Ϫ80 bp of hN ET promoter, which encompass the nucleotide sequences of the footprinted proximal domain, were generated as follows. Double-stranded DNA containing Ϫ128 to Ϫ80 bp was generated by annealing the sense and antisense PR oligonucleotides and self-ligated to produce multimers of PR. The multimers were blunt-ended and inserted upstream of the TATA sequence of TATA-CAT plasmid. Each clone was sequenced, and those containing five copies of PR in the forward orientation were used for the studies that follow. An 813 bp coding fragment of HoxA5 was produced by reverse transcription (RT)-PCR from mouse CATH.a poly(A ϩ ) RNA using the primers 5Ј-AAA AAG GAT CCG CCA TGA GC T C TT ATT TTG TAA AC T CAT TTT G-3Ј and 5Ј-AAA AAC TCG AGT CAG GGG CGG AAA GCC CCC CC T GCC GCG GC -3Ј. The PCR fragment was digested with BamHI and XhoI and cloned into the pCDNA3.1 (Invitrogen, C arlsbad, CA) eukaryotic expression vector containing the cytomegalovirus (C M V) promoter to produce pC M V HoxA5. A 1041 bp fragment of isl-1 cDNA was prepared by RT-PCR from SK-N-BE(2)C poly(A ϩ ) RNA using the primers 5Ј-AAA AAG GAT CCG CCA TGG GAG ATC CAC CAA AAA AAA AAC G-3Ј and 5Ј-AAA AAC TCG AGT CAT GCC TCA ATA GGA C TG GC T AC -3Ј. The amplified PCR product was digested with BamHI and XhoI and subcloned into the pCDNA3.1 cut with same enzymes, resulting in pC M Visl-1. PRc / Phox2a and pRc / Phox2b, which contain the f ull-length cDNA for Phox2a and Phox2b, respectively, have been described previously (Valarche et al., 1993; Yang et al., 1998b) . The nucleotide sequences for HoxA5 and isl-1 cDNAs were confirmed by sequence analysis.
Cell culture and transient transfection assays. The human neuroblastoma SK-N-BE(2)C and SK-N-BE(2)M17 cell lines were maintained as described previously (Ishiguro et al., 1993; K im et al., 1994) and used as the N ET-positive system. These cell lines express all biosynthetic enzymes required for N E synthesis and produce N E. HeLa, HepG2, and C6 cells were grown in DM EM supplemented with 10% fetal calf serum (Hyclone, L ogan, UT), streptomycin, and penicillin and used as the N ETnegative system. Transfection was performed by calcium phosphate coprecipitation as described previously (Ishiguro et al., 1993; K im et al., 1994) . Plasmids for transfection were prepared using Qiagen (Santa C larita, CA) columns. For the SK-N-BE(2)C and SK-N-BE(2)M17 cell lines, each 60 mm dish was transfected with an equimolar amount (0.5 pmol) of each reporter construct, 1 g of pRSV-␤-gal, varying amounts of the effector plasmid, and pUC19 plasmid to a total of 5 g of DNA.
For the HeLa, HepG2, and C6 cell lines, twice as much DNA was used, because the transfection efficiency was lower. To compare N ET promoter activity in N ET-positive and -negative cell lines, CAT activity driven by the reporter constructs was compared with that driven by the pRSV-CAT plasmid, which contains the Rous sarcoma virus (RSV) enhancer/promoter. Because of the strong promoter activity of the RSV enhancer/ promoter, a 0.1 molar amount (0.05 or 0.1 pmol) was used for the pRSV-CAT plasmid in the transient transfection assays. For cotransfection analysis, a half-molar amount of reporter construct was used for the HoxA5-expressing plasmid pC M V HoxA5 and the Phox2a-expressing plasmid pRC / Phox2a, which was described previously (K im et al., 1998; Yang et al., 1998b) . C ells were harvested 72 hr after transfection, lysed by three freeze-thaw cycles, and assayed for CAT activity. To correct for differences in transfection efficiencies, CAT activity was normalized to that of ␤-galactosidase (␤-gal). CAT and ␤-galactosidase activities were assayed as described previously (Ishiguro et al., 1993; K im et al., 1994) .
Preparation of nuclear e xtracts. Nuclear extracts were prepared from SK-N-BE(2)C and HeLa cells according to the procedure described by Dignam et al. (1983) . C ell pellets were resuspended in 20 mM H EPES, pH 7.9, 20% glycerol, 0.1 M KC l, 0.2 mM PMSF, and 0.5 mM DTT and dialyzed against the same buffer. The extracts were quick-frozen in liquid nitrogen, and aliquots were stored at Ϫ70°C and used within 3 months of extraction. Protein concentration of the nuclear extract was determined by the Bio-Rad (Hercules, CA) protein assay method using bovine serum albumin as a standard (Bradford, 1976) .
DNase I footprinting anal ysis. A DNA fragment encompassing Ϫ180 to Ϫ53 bp upstream of the transcription start site was prepared by PCR and used as a probe for DNase I footprinting. For the coding strand probe, a primer, 5Ј-GAG TCC CCC AGA TCC C TG GGA A-3Ј, representing the coding nucleotide sequence from Ϫ180 to Ϫ159 bp of the hN ET gene was labeled using polynucleotide kinase and [␥-32 P]ATP. This labeled primer, together with the unlabeled primer, 5Ј-CGA TTG CAT TAA CCC AGC GCC C -3Ј, representing the noncoding nucleotide sequence from Ϫ74 to Ϫ53 bp of the hNET gene, was then used for PCR. The noncoding strand probe was prepared using a labeled primer, 5Ј-CGA TTG CAT TAA CCC AGC GCC C -3Ј, and the unlabeled primer 5Ј-GAG TCC CCC AGA TCC C TG GGA A-3Ј. With the pN ET133(i)CAT plasmid DNA as a template, 30 cycles of PCR were performed under the following conditions: denaturation at 95°C for 40 sec, annealing at 55°C for 30 sec, and DNA synthesis at 72°C for 1 min. The end-labeled product was isolated on a 7% polyacrylamide gel, as described previously (K im et al., 1999) . Labeled probe (30,000 cpm specific activity) was combined with 10 -20 l of nuclear extracts (containing ϳ180 g of nuclear proteins) in 40 l of binding buffer for 25 min at room temperature, followed by DNase I digestion using freshly diluted DNase I in binding buffer consisting of 20 mM H EPES, pH 7.9, 2 mM MgC l 2 , 50 mM NaC l, 1 mM DTT, 0.1 mM EDTA, and 10% glycerol. T wo micrograms of poly(dI-dC) were included in each reaction as a nonspecific competitor. The amount of DNase I was empirically adjusted for each nuclear extract to produce an even pattern of partially cleaved products. The DNase I reaction was stopped by adding 100 l of stop buffer (50 mM Tris, pH 8.0, 1% SDS, 10 mM EDTA, pH 8.0, 0.4 mg /ml proteinase K , and 100 mM NaC l). Samples were then extracted twice with phenol-chloroform, and the DNA was precipitated with 3 volumes of ethanol. The DNA pellet was dried and resuspended in sequencing stop buffer (0.05% xylene cyanol, 0.05% bromophenol blue, 10 mM Na 2 EDTA, and 90% deionized formamide) and incubated at 95°C for 3 min. An aliquot of sample was then loaded onto a 6% polyacrylamide-8 M urea sequencing gel. The same probe was subjected to parallel digestion without previous incubation with nuclear extracts, typically using 5-10% of the DNase I used in the presence of nuclear extracts. L ocation of cleaved products was determined by a Maxam -Gilbert sequencing reaction of each probe.
Electrophoretic mobilit y shif t assay. Sense and antisense oligonucleotides corresponding to the sequences protected by DNase I with the following nucleotide sequences were synthesized for PR (Gene Link, Inc., Thornwood, N Y): 5Ј-CCG GCC GCG C TG TCA GTC TCC ATT AGC GC T AAC AGG C TC CAG ACG GAG C -3Ј and 5Ј-GC T CCG TC T GGA GCC TGT TAG CGC TAA TGG AGA C TG ACA GCG CGG CCG G-3Ј. Mutant oligonucleotides included 5Ј-CCG GCC GCG C TG TCA GTC TCC AGC AGC GC T AAC AGG C TC CAG ACG GAG C -3Ј and 5Ј-GC T CCG TC T GGA GCC TGT TAG CGC TGC TGG AGA C TG ACA GCG CGG CCG G-3Ј for PR GCFm , 5Ј-CCG GCC GCG C TG TCA GTC TCC AGC AGC GC T AAC AGG C TC CAG ACG GAG C -3Ј and 5Ј-GC T CCG TC T GGA GCC TGT TAG CGC TGC TGG AGA C TG ACA GCG CGG CCG G-3Ј for PR H Dm , and 5Ј-CCG GCC GCG C TG TCA GTC TCC AGC AGC GC T AAC AGG C TC CAG ACG GAG C -3Ј and 5Ј-GC T CCG TC T GGA GCC TGT TAG CGC TGC TGG AGA C TG ACA GCG CGG CCG G-3Ј for PR PAL m (underscores indicate the mutated bases). The consensus cAM P response element (CRE) oligonucleotides were described previously (Seo et al., 1996) . The sense and antisense oligonucleotides for each probe were annealed, gel-purified, and 32 P-labeled using T4 DNA kinase and used as probes in electrophoretic mobility shift assays (EMSA). EMSA and antibody coincubation experiments were performed using 30,000 -50,000 cpm of labeled probe (ϳ0.05-0.1 ng) and nuclear extracts (10 -30 g) in a final volume of 20 l of 12.5% glycerol, and (in mM): 12.5 H EPES, pH 7.9, 4 Tris-HC l, pH 7.9, 60 KC l, 1 EDTA, and 1 DTT with 1 g of poly(dI-dC) as described previously (Yang et al., 1998b) . For competition-binding assays, nonradioactive competitor oligonucleotides were added in a molar excess before adding the 32 P-labeled oligonucleotides. For supershift assays, antibody was coincubated with the nuclear extract mix for 30 min at 4°C before adding the radiolabeled probe. Antibodies used in this study included antibody against Sp1 (Santa Cruz Biotechnology, Santa Cruz, CA), antibody against HoxA5 (Babco, Richmond, CA), antibody against isl-1 (kindly provided by Dr. D. J. Drucker, Banting and Best Diabetes C entre, The Toronto Hospital, Toronto, Ontario, C anada) and phox2a-specific antibody (kindly provided by Dr. J. F. Brunet, C entre National de la Recherche Scientifique/ Institut National de la Santé et de la Recherche Médicale/ Universite de la Mediterranee, Marseille, France). In vitro-translated proteins were made using the TN T-coupled wheat germ extract system (Promega, Madison, W I) for in EMSA.
RESULTS

The hNET 5 upstream promoter can confer NA cell type-specific transcription and contains several domains with positive or negative regulatory function
To localize the promoter domains responsible for NA cell-specific expression of the hNET gene, we constructed a series of 5Ј deletion mutants extending from position Ϫ9000 bp toward the start site of transcription, which along with the first intron were fused to the CAT reporter gene (Fig. 1 A) . The transcriptional activities of these reporter constructs were assayed in transient transfection using the human neuroblastoma SK-N-BE(2)C (NET-positive) and the human epithelial HeLa (NET-negative) cell lines. All reporter constructs were shown to produce CAT mRNAs that were properly spliced (data not shown; Kim et al., 1999) , indicating intact function of the first intron. In each experiment, cells were transfected with pRSV-CAT as a positive control, which was highly active in both SK-N-BE(2)C and HeLa cells. pNET9000(i)CAT and pNET4000(i)CAT, containing 9.0 and 4.0 kb upstream sequences as well as the first intron, respectively, efficiently drove reporter expression in SK-N-BE(2)C cells (Fig. 1 A) . In contrast, CAT expression driven by these two constructs was not significantly higher than that driven by promoterless pBLCAT3-1 control in HeLa cells (Fig. 1 A; data not shown). These observations strongly suggest that the 4.0 kb upstream sequences of the hNET gene contain sufficient genetic information necessary for the NA cell-specific gene expression. Deletion of nucleotides from Ϫ4.0 to Ϫ3.1 kb eliminated ϳ90% of the promoter activity in SK-N-BE(2)C cells, suggesting that the upstream domain between Ϫ4.0 and Ϫ3.1 kb contains important positive regulatory sequences. Given that this domain functions at quite a distance (Ͼ3 kb), it may have an enhancer activity. A series of deletion constructs showed a progressive increase in CAT activity, as nucleotide sequences between Ϫ3100 and Ϫ133 bp were eliminated. Further deletion from Ϫ133 to Ϫ75 reduced transcriptional activity to the level of a promoterless plasmid, indicating that this proximal subdomain may contain positive cis-regulatory element(s) that may be important for hNET gene expression. In HeLa cells, all deletion constructs showed background levels of reporter gene expression. To directly test the f unctional role of the proximal domain between Ϫ133 and Ϫ75 bp in hN ET transcription, we generated an internal deletion construct, pN ET4000(⌬Ϫ133/Ϫ75)(i)CAT, which maintains the context of 4.0 kb upstream sequences as well as the first intron (Fig. 1 A) . The level of CAT expression driven by pN ET4000(⌬Ϫ133/Ϫ75)(i)CAT in SK-N-BE(2)C was Ͻ10% of that by pN ET4000(i)CAT, indicating that the proximal domain at Ϫ133 to Ϫ75 is critical for the hN ET transcriptional activity.
NA cell-specific reporter expression by these constructs was further tested by transient transfection assays using additional NET-positive (SK-N-BE(2)M17) and NET-negative (HepG2) cell lines. As shown in Figure 1 B, the 4.0 kb upstream sequence was able to drive cell type-specific reporter expression in these cell lines. In addition, functional importance of the upstream domain (Ϫ4.0 to Ϫ3.1 kb) and proximal domain (Ϫ133 to Ϫ75 bp) in SK-N-BE(2)M17 cells was clearly demonstrated in our assays. Cell-specific function of the NET gene promoter was also confirmed in another NET-negative C6 cell line (data not shown).
Taken together, our transient transfection assays show that the 4.0 kb upstream sequences can drive reporter gene expression in a NA-specific manner and contains several important regions for the proper transcriptional function (Fig. 1C) . The distal sequences from Ϫ4.0 to Ϫ3.1 kb may contain an NA-specific enhancer, whereas negative elements seem to be located between Ϫ3100 and Ϫ133 bp. A proximal region between Ϫ133 and Ϫ75 bp appears to be critical for the NA-specific transcriptional activity of the hNET gene. In the light of our recent findings that critical transcription factors interact with the proximal promoter region to regulate the NA cell type-specific transcription of the human DBH gene (Seo et al., 1996; Kim et al., 1998) , we have focused on the cis-regulatory elements residing between Ϫ133 and Ϫ75 bp of the hNET gene and their cognate protein factors in this study.
The proximal domain between ؊133 and ؊75 bp interacts with multiple protein factors in an NA cell-specific manner On the basis of our transient transfection assays, we speculated that the proximal promoter domain between Ϫ133 and Ϫ75 bp may contain NA-specific cis-regulatory element(s) and may interact with transcription factor(s) in a cell-specific manner. To explore this possibility, we performed DNase I footprinting analysis using nuclear extracts isolated from SK-N-BE(2)C and HeLa cells. Indeed, a subdomain at Ϫ128 to Ϫ80 bp showed a prominent footprint only when nuclear extracts from SK-N-BE(2)C cells were used (Fig. 2 A,B) . Identical footprint domains were apparent when sense or antisense strands were used for analysis. These observations suggest that the upstream subdomain at Ϫ128 to Ϫ80 bp may interact with corresponding trans-acting factor(s) in a NA cell-specific manner, and that these DNA-protein interactions may be important for hNET gene transcription.
To define the potential cis-elements involved in DNA-protein interaction of the proximal domain identified, the protected sequences were searched for known transcription factor-binding motifs (Heinemeyer et al., 1998) . As indicated in Figure 2C , the 5Ј portion of this region contains a perfect match to the putative GC-rich factor (GCF), 5Ј-GGCCGCGCTG-3Ј (Kageyama and Pastan, 1989) , and the 3Ј portion contains a novel palindromic sequence motif, 5Ј-GCTCCAGACGGAGC-3Ј (the palindromic motif is indicated by bold letters). The middle portion includes an HD-binding core motif (5Ј-ATTA-3Ј). Interestingly, this particular region is perfectly matched with the consensus binding motifs for two HD protein factors, HoxA5 (5Ј-CTCCATTAGC-3Ј; Odenwald et al., 1989 ) and isl-1 (5Ј-CATTAG-3Ј; Karlsson et al., 1990) .
To further investigate DNA-protein interactions at the putative cis-regulatory elements in the proximal promoter region, we performed EMSAs using a 49 base pair oligonucleotide (PR) spanning nucleotides Ϫ128 to Ϫ80 bp as the probe. As shown in Figure 3A , three major DNA-protein complexes (C1-C3) were evident, as well as a minor complex (C4) with the nuclear extracts isolated from the SK-N-BE(2)C cells, and the abundance of each complex increased in a concentration-dependent manner with the amount of nuclear extracts used. The specificity of all three complexes was confirmed by competition assays using a 5-, 20-, or 200-fold molar excess of the unlabeled PR oligonucleotide (Fig.  3B, lanes 2-4 ) . An unrelated oligonucleotide CRE, encoding the cAMP response element motif from the tyrosine hydroxylase gene , did not inhibit formation of any of these four complexes (Fig. 3B, lanes 14 -16 ) . When nuclear extracts isolated from HeLa cells were used in EMSA, C2-C4 but not C1 complexes were formed. The latter results were unexpected, be- cause the same proximal region did not appear protected in the DNase I footprinting assay using HeLa nuclear extracts (Fig. 2) . Possible explanations for this apparent discrepancy include the following: (1) that DNase I footprinting is generally less sensitive than EMSA for detecting individual DNA-protein interaction; and (2) that proteins involved in formation of C2 and C3 may be less abundant in HeLa cells (Fig. 3A, compare lanes 1, 4, and 2, 5) . Another interesting possibility is that the absence of certain transcription factor(s), e.g., involved in the formation of C1 or others, may prevent efficient DNA-protein interactions in non-NA cells. In any case, the C1 complex was only formed when SK-N-BE(2)C nuclear extracts were used, suggesting that protein factor(s) involved in the C1 complex may represent NA cellspecific factor(s).
Transcription factors HoxA5 and Phox2a interact with the HD-binding site
To identify the cis-regulatory element(s) that may be involved in formation of the C1 complex, we synthesized several mutant PR oligonucleotides containing mutations in putative cis-regulatory elements within the proximal promoter domain (Fig. 2C) and used them as competitors in EMSA (Fig. 3B) . Molar excesses of the oligonucleotides PR GCFm and PR PAL m containing mutations in the putative GCF-binding motif and 3Ј palindromic sequence motif, respectively, were as effective as PR at competing with the formation of all four complexes (Fig. 3B, lanes 5-7 and 11-13 ). Like PR GCFm and PR PAL m , a molar excess of the oligonucleotide PR H Dm , which contains mutations at the HD core motif, efficiently inhibited formation of C2 and C3 (Fig. 3B) . However, a residual signal of C1 consistently remained even in the presence of the highest concentration of PR H Dm . These findings suggest that the HD motif may be important for formation of the C1 complex. Notably, the oligonucleotide PR H Dm was able to substantially inhibit formation of C1. One possible explanation is that PR H Dm containing two base substitutions may still have some binding affinity for the corresponding factor(s). This is not likely, because no C1 complex was formed using the oligonucleotide PR H Dm as the probe (see below). Another possibility is that protein factors involved in formation of complexes C1-C4 bind to corresponding sequence motifs in a synergistic and interdependent manner. In this scenario, a molar excess of PR H Dm will partially inhibit formation of C1 because of the absence of synergistic binding. When PR H Dm was used as the probe, formation of C1 was completely abolished (Fig. 3C) , further supporting the idea that the HD motif is critical for C1 formation. In addition, it appears that formation of C4 also requires the intact HD sequence because (1) a molar excess of PR H Dm did not inhibit formation of C4, and (2) C4 was not formed when PR H Dm was used as the probe.
Because the middle subdomain encompassing the HD core motif contains sequences with perfect matches to binding motifs for HoxA5 and isl-1 (Karlsson et al., 1990) , we next examined whether these proteins participated in the formation of DNA-protein complexes at this site. On the basis of sequence homologies with the Phox2a/2b-binding sites identified in the hDBH gene promoter (Kim et al., 1998; Yang et al., 1998b) , it is also possible that Phox2 proteins may be involved in DNA-protein interactions in this same region. To address these questions, we performed antibody coincubation experiments using the oligonucleotide PR as the probe. As shown in Figure 4 A, coincubation of SK-N-BE(2)C nuclear extracts with Phox2a-specific antibody slightly diminished formation of C1 and generated a supershifted band (S1) in a dose-dependent manner (lanes 2-4 ) . The specificity of this Phox2a antibody was previously confirmed by immunohistochemical analysis (Tiveron et al., 1996) . In addition, no supershifted band was generated when HeLa nuclear extracts were used (data not shown). These obser- Figure 3 . EMSA assay. A, PR oligonucleotide encompassing Ϫ128 to Ϫ80 bp was radiolabeled and incubated with 2 g (lanes 1, 4 ), 5 g (lanes 2, 5), or 10 g (lanes 3, 6 ) of SK-N-BE(2)C and HeLa nuclear extract, respectively. Unbound free probe ( F) is indicated by an arrowhead. B, An EMSA competition experiment was performed as described in Materials and Methods. PR oligonucleotide was 32 P-labeled and incubated with SK-N-BE(2)C nuclear extract. For competition, fivefold (lanes 2, 5, 8, 11, 14 ), 20-fold (lanes 3, 6, 9, 12, 15), and 200-fold (lanes 4, 7, 10, 13, 16 ) molar excesses of cold nucleotides were added to a reaction mixture containing 10 g of SK-N-BE(2)C nuclear extract before the addition of the radiolabeled probe. C, Electrophoretic mobility shift assays were conducted using nuclear extracts from SK-N-BE (2) vations suggest that Phox2a participates in formation of the C1 complex. In contrast, coincubation with specific antibodies against isl-1 (Fig. 4 A, lane 5) or Sp1 (Fig. 4 A, lane 6 ) neither diminished formation of complexes nor generated a supershifted band. When nuclear extract was incubated with anti-HoxA5 antibody, a faint supershifted complex was detected (data not shown). Because no specific HoxA5 antibody is available at present, we decided to directly address whether HoxA5 is able to interact with PR by in vitro-translated HoxA5 protein. As shown in Figure 4 B, a single band (C H ) was formed between the in vitro-translated HoxA5 and PR. A competition assay demonstrated that C H represents a specific DNA-protein complex (Fig. 4 B, lanes 3-8) . On the basis of these results, we conclude that Phox2a and HoxA5, but not isl-1, are able to interact with the middle subdomain of the proximal promoter region.
Forced expression of HoxA5 in HeLa cells transactivates the promoter activity of the hNET gene
The observations that the HD-binding motif within the proximal promoter domain can interact with Phox2a and HoxA5 prompted us to hypothesize that these H D proteins may regulate N ET transcription. To test this, Phox2a-, Phox2b-, and HoxA5-expressing vectors (Fig. 5A) were transiently cotrans- (Ishiguro et al., 1993) containing the 2.6 kb of upstream sequence of the human DBH gene were used as reporter plasmids. The amount of effector plasmids is described as the molar ratio compared with the reporter plasmid. Samples were harvested 48 hr after transfection, and relative CAT activities were determined as described in Materials and Methods. To compare fold transactivation directly, basal CAT activity driven by the reporter construct in each cell line was set to 1. Here, the molar ratio of effector plasmid to reporter plasmid was 1. The bent arrow at ϩ1 indicates the transcriptional start point and direction.
fected along with the pN ET133(i)CAT construct to HeLa cells. In agreement with previous studies, cotransfection of either Phox2a or Phox2b prominently increased the transcriptional activity of 2.6DBHCAT but failed to activate hN ET promoter f unction (K im et al., 1999) . In contrast, forced expression of HoxA5 in this cell line activated the transcriptional activity of pN ET133(i)CAT up to fivefold (Fig. 5B) . Interestingly, exogenous expression of HoxA5 did not significantly regulate the transcriptional activity of 2.6DBHCAT, indicating that transactivation of hN ET promoter f unction by HoxA5 may be promoter-specific. To test whether HoxA5 and Phox2a may synergistically regulate transcription of the N ET gene, HoxA5 was cotransfected with either Phox2a or Phox2b along with pN ET133(i)CAT. Neither Phox2a nor Phox2b was able to potentiate transactivating f unction of HoxA5 (Fig. 5B) . In addition, cotransfection of isl-1 expression plasmid did not affect the transcriptional activity of pN ET133(i)CAT or 2.6DBHCAT. Together with our antibody coincubation experiments, these results do not support a role of isl-1 in hN ET gene transcription.
Our cotransfection results with Phox2a conflict with the observation that Phox2a interacts with the middle subdomain of the proximal promoter region of the hNET gene. One possible explanation is that one copy of the Phox2a-binding site may be insufficient for clear transactivation of the promoter activity in a transient transfection assay, although it may be regulated in the in vivo situation. In this context, it is to be noted that the DBH gene promoter, which is transactivated 5-to 10-fold by forced expression of Phox2a, contains multiple Phox2a-binding sites (Kim et al., 1998; Yang et al., 1998b) . Therefore, it may be necessary to test multiple copies of the HD-binding site to confirm the possible regulation by Phox2a in a transient cotransfection assay. To this end, we subcloned a single copy (1XPR-TATACAT) and five tandem copies (5XPR-TATACAT) of the double-stranded oligonucleotide PR in front of the minimal promoter region of the DBH gene (Fig. 6 ). This minimal DBH promoter, containing only the TATA box and transcription start site, is fully characterized by footprinting assay and functional analysis (Kim et al., 1998; Hwang et al., 2001) . Because it has no promoter activity by itself, it is suitable to test the potential function of the HD-binding site. As expected from the data in Figure 5 , forced expression of Phox2a was unable to activate reporter gene expression driven by the 1XPR-TATACAT plasmid (Fig. 6) . However, cotransfection of the Phox2a or Phox2b expression plasmid increased reporter gene expression driven by the 5XPR-TATACAT plasmid by threefold to fourfold in HeLa cells (Fig. 6) . Together with EMSA results (Fig. 4) , these results suggest that HoxA5 and Phox2 proteins may directly activate hNET gene transcription in vivo by interacting with the HD-binding site residing within the proximal promoter domain.
The HD-binding core motif residing in the proximal promoter is crucial for the hNET promoter function
On the basis of DNA-protein interactions by Phox2 and HoxA5 protein factors and their transcriptional activities, we hypothesized that the HD-binding core motif within the proximal promoter may be critical for the NA cell-specific promoter function of the hNET gene. To address this possibility, we mutated the HD core motif in the context of pNET4000(i)CAT and compared its transcriptional activity with that of the wild-type construct in the SK-N-BE(2)C cell line. Strikingly, this mutation diminished reporter gene expression Ͼ90%, compared with that driven by the wild-type pNET4000(i)CAT construct (Fig. 7) . We conclude that the cis-regulatory element encompassing the HD core motif, residing at the middle of the proximal promoter domain, interacts with HD proteins, including HoxA5 and Phox2 protein factors, and may play a critical role in NA cell type-specific transcription of the hNET gene. (Yang et al., 1998b ) is a minimal DBH-CAT reporter plasmid that contains the TATA box and the transcription start site of the human DBH gene. A single copy or five copies of oligonucleotide PR was cloned upstream of the TATA box, resulting in 1XP-TATACAT or 5XP-TATACAT, respectively. HeLa cells were transiently cotransfected with reporter plasmids and empty plasmid pRC/CMV, pRC/Phox2a, pRC/Phox2b, pCMVHoxA5, or pCMVisl-1 at a molar ratio of 1. Basal CAT activity driven by an empty vector was set to 1.0 to compare transactivation by Phox2a, Phox2b, HoxA5, or isl-1. The bent arrow at ϩ1 indicates the transcriptional start point and direction. 
DISCUSSION
Identification of three promoter domains in the 5 upstream sequences of the hNET gene
We have recently shown that the 9.0 kb upstream sequences of the hNET gene are critical for NA cell type-specific promoter activity, whereas the first intron is necessary for high-level transcription (Kim et al., 1999; Kim et al., 2001) . In the present study, using transient transfection assays of a series of deletion and site-directed mutant reporter constructs in NET-positive and NET-negative cell lines, we have identified three functional promoter domains that may be important for hNET gene regulation. Specifically, within 4.0 kb of upstream hNET promoter sequences, a proximal domain-spanning sequence from Ϫ133 to Ϫ75 bp and a distal upstream domain spanning sequence from Ϫ4.0 and Ϫ3.1 kb may possess NA cell-specific positive regulatory function, whereas a middle domain between Ϫ3100 and Ϫ133 bp appears to have general silencer function. Furthermore, NAspecific transcription of the hNET gene appears to require both the distal and proximal domains, because deletion of either diminished most of the hNET promoter activity in the NETpositive cell lines (Fig. 1) . In contrast, the deletion mutations had a marginal effect, if any, in the NET-negative cells. Given that the distal upstream domain is transcriptionally active at quite a distance (Ͼ3 kb), it may work as an enhancer. It is well known that cell type-specific transcription of various eukaryotic genes, especially when expression is highly restricted, often involves cooperative interactions between several regulatory elements (Simonet et al., 1993; Cockell et al., 1995; Kruse et al., 1995; Sanchez et al., 1995) , and such interactions between enhancer(s) and promoter elements have been described previously (Pinkert et al., 1987; Crenshaw et al., 1989) . Our results indicate that the distal upstream domain and the proximal domain may synergistically interact to regulate NA cell-specific transcription of the hNET gene. Therefore, definition of functional cis-regulatory elements and their cognate protein factors working in each of the two promoter domains is crucial for understanding the molecular mechanisms underlying the NA cell type-specific hNET gene expression.
Identification of potential cis-regulatory elements residing in the proximal promoter domain
To obtain further insights on molecular mechanisms of hNET gene regulation, we have focused on analyzing the proximal domain in greater detail in the studies described here for the following two reasons. First, on the basis of analogy with the NA cell-specific hDBH gene promoter, which contains critical cisregulatory elements within the proximal promoter area (Ishiguro et al., 1993; Seo et al., 1996; Kim et al., 1998) , similar cis elements may exist within a proximal domain of the hNET gene and may govern NA cell-type specific hNET gene transcription. Second, the defined proximal promoter domain of the hNET gene identified above is much shorter than the upstream enhancer region and, hence, would facilitate the identification of cis element(s) and their cognate transcription factors. Indeed, a subdomain at Ϫ128 to Ϫ80 bp was found to be prominently footprinted by nuclear proteins from SK-N-BE(2)C but not by those from HeLa cells (Fig. 2) . This result is not only consistent with deletional analysis suggesting NA-specific promoter function but also provided the first clue that this footprinted area may represent DNA-protein interactions that are critical for the NA cell-specific transcriptional activity of the hNET gene. A computer search of the nucleotide sequences contained within the footprinted region using the Transfac database (Heinemeyer et al., 1998) identified putative protein-binding sites for the GCF (5Ј-GGCCGCGCTG-3Ј; Kageyama and Pastan, 1989) in the 5Ј portion of the footprinted domain and binding sites for isl-1 (5Ј-CATTAG-3Ј; Karlsson et al., 1990) and HoxA5 (5Ј-CTCCATTAGC-3Ј; in the middle domain. Although the 3Ј region shows no clear homology to any of previously reported protein-binding motifs, it contains a perfect palindromic sequence (5Ј-GCTCCAGACGGAGC-3Ј) with four intervening nucleotides (Fig. 2C) .
In EMSA analysis using the oligonucleotide PR, which encompasses the footprinted subdomain, four specific DNA-protein complexes (C1-C4) were produced when incubated with SK-N-BE(2)C nuclear extracts. When HeLa nuclear extracts were used, C2-C4 complexes were formed with less intensity, and C1 was not detected. Thus, C1 appears to represent NA cell type-specific DNA-protein interactions. Both EMSA using a mutant probe and competition assays demonstrated that C1 and C4 are mainly formed by DNA-protein interaction(s) at the middle subdomain that contains the HD core motif (Figs. 3 and 4) . At present, it is not clear which cis elements are responsible for C2 and C3, because mutation at the GCF motif or the 3Ј palindromic motif did not apparently affect formation of complexes (Fig. 3) . Taken together, our results suggest that multiple protein factors may interact with several cis-regulatory elements residing in the proximal promoter domain and may control the NA cell-specific transcription of the hNET gene. Among these, the middle part encompassing the HD binding core motif appears to interact with HD protein factors, including HoxA5, Phox2a, or both, to generate the C1 complex in an NA cell-specific manner.
HoxA5 and Phox2 proteins may interact with the proximal promoter domain and may regulate NA cell type-specific transcriptional activity of the hNET gene On the basis of the potential sequence motifs in the footprinted area (Fig. 2) , we wished to address whether HoxA5 and isl-1 as well as Phox2a may interact with the proximal promoter domain and directly transactivate the hNET promoter activity. Antibody coincubation experiments and EMSA using in vitro-translated protein indicated that HoxA5, Phox2a, or both, but not isl-1, may directly participate in producing the C1 complex. Interestingly, forced expression of HoxA5 prominently transactivated the hNET promoter activity in NET-negative cells (Fig. 5B) . The HoxA5 (formerly Hox-1.3) gene encodes a nuclear phosphoprotein capable of binding to specific DNA sequences . Recently, it has been reported that the HoxA5 protein behaves as a transcription activator for multiple target genes, including its own gene Zhao et al., 1996) , a Purkinje cell-specific gene (Sanlioglu et al., 1998) , p53 (Raman et al., 2000b) , and the progesterone receptor gene (Raman et al., 2000a) . During embryogenesis the expression of HoxA5 shows progressive restriction. Although all primitive structures express HoxA5 protein in early developmental stages, the CNS and PNS are the main areas of HoxA5 expression in the late gestation stage (Tani et al., 1989) . Our data suggest, for the first time to our knowledge, that HoxA5 may participate in transcriptional activation of the hNET gene.
In contrast to HoxA5, forced expression of Phox2a failed to activate hNET promoter activity (Fig. 5) (Kim et al., 1999) . This observation thus does not support a direct role of Phox2a in NET gene expression. However, in vitro transient transfection analysis does not always recapitulate patterns of in vivo gene regulation, at least in part, because of the lack of intact chromatin structure. For example, it was found that the 5Ј upstream sequence of the tyrosine hydroxylase (TH) gene can direct cell type-specific reporter expression in transgenic mouse experiments (Banerjee et al., 1992; Min et al., 1994) but not in transient transfection analysis (Yang et al., 1998a) . In addition, it is possible that Phox2a/2b may be necessary but not sufficient for transcriptional activation of the target genes. In this case, forced expression of Phox2a/2b may be able to induce target gene expression only in certain cellular contexts. Finally, transactivation of promoter activity by Phox2a/2b may be detectable in transient transfection assays only when the promoter contains multiple binding sites. For example, the DBH promoter, known to be transactivated by Phox2a/2b in transient transfection assays, contains multiple Phox2a/2b-binding sites (Kim et al., 1998; Yang et al., 1998b) . To explore this possibility, we generated a reporter construct containing one or five tandem copies of the oligonucleotide PR in front of the reporter CAT gene (Fig. 6) . Although cotransfection of Phox2a or Phox2b failed to transactivate the one copy construct, it prominently increased reporter gene expression driven by the construct containing five copies of PR. It is thus possible that Phox2a/2b may participate in direct transcriptional activation of the hNET gene in vivo by interacting with the proximal promoter region. However, the clear role of Phox2a/2b on the onset of NET expression in the brain awaits further investigation, including in vivo analysis of an inducible knock-out or transgenic animal model. Recent evidence indicated that onset of NET expression precedes the onset of neural crest stem cell emigration from the neural tube and contributes to the later expression of biosynthetic enzymes, TH and DBH, in the peripheral nervous system (Ren et al., 2001) .
In summary, this study characterizes NA-specific promoter function of the hNET gene and identifies three domains potentially important for hNET gene transcription: an upstream enhancer between Ϫ4.0 and Ϫ3.1 kb, a proximal domain between Ϫ133 and Ϫ75 bp, and a middle silencer domain between these two domains. Using both DNase I footprinting analysis and EMSA, DNA-protein interactions in the proximal domain were characterized. Among several DNA-protein complexes (C1-C4), C1 was formed between the HD core motif and HD factors such as Phox2a and HoxA5 in an NA cell-specific manner and appears to be crucial for NET gene transcription. In support of this, mutation of the HD motif dramatically diminished the promoter function of the hNET gene. The NET plays a key role for termination of NA neurotransmission, and regulation of NET gene expression is thought to be physiologically important. The present study will serve as the basis for further investigation of the molecular mechanisms underlying NET gene regulation.
